The ground sta f e microwave spectrum of isopropyl iodide has been investigated by microwave Fourier transform (MWFT) spectroscopy. 212 hyperfine components of 39 mainly a-type transitions have been assigned from the measured spectra in the frequency range between 4 and 30 GHz. With a MWFT double resonance modulation (MWFTDR) spectrometer a weak c-type transition and a "forbidden" AJ = 2 line could be observed. The spectra were analysed using a diagonalization procedure of the complete Hamiltonian matrix and a simultaneous least squares fit of the rotational, quartic centrifugal distortion and the iodine quadrupole and spin rotation coupling constants directly to the measured frequencies. A set of 14 constants could be obtained with high accuracy. The rotational constant A and some of the centrifugal distortion constants could be improved using some large higher order quadrupole perturbations and the results of the MWFTDR measurements for the analysis.
Introduction
The microwave spectra of molecules containing an iodine atom show some wide and overlapping hyperfine splittings caused by the large quadrupole coupling of the nuclear spin of iodine and the molecular rotation. In most cases the iodine hyperfine structure is perturbed by higher order effects which can be strong for asymmetric top molecules. The best way of analyzing this kind of spectra is the diagonalization of the complete Hamiltonian matrix combined with a simultaneous least squares fit of all relevant spectroscopic constants directly to the measured frequencies. Then these constants can be determined with the highest possible precision. Gerry and Coworkers [1, 2] have reported that the inclusion of strong higher order quadrupole perturbations additionally could improve the values of rotational and centrifugal distortion constants in the cases of iodine isocyanate and vinyl iodide using this analyzing method. But the procedure has the disadvantage of consuming a lot of computer time and storage capacity.
The microwave spectrum of isopropyl iodide, CH3CHICH3, contains some stronger higher order quadrupole perturbations. So we thought the spectrum of this molecule could be a good example for testing the mentioned analyzing method with our pro-gram HFS [3] using the Cray XMP 216 vector processor system of the University of Kiel.
The first investigation of the microwave spectrum of isopropyl iodide was reported by Groner et al. [4] . A substitution structure was determined by Ikeda et al. from the microwave spectra of eight isotopic species [5] . Isopropyl iodide is a near prolate asymmetric top molecule with a C s -point symmetry. The symmetry plane contains the a and the c principal inertia axes. Reasonably a-and c-type transitions can be expected, but in [4] and [5] only the observation of a-type transitions is reported because the c-type transitions are very weak. With the normal MWFT method we too could observe only a-type transitions, but we were able to assign the c-type transition J' K'_ K' + -J K_ K + = 313 -303 with one of our MWFTDR spectrometers [6] . Furthermore, the observation of a "forbidden" AJ = 2 c-type line caused by an extremely strong higher order quadrupole perturbation was possible using this method. Additionally some a-type transitions being affected by this perturbation have been measured with the normal MWFT method. We will show that the inclusion of these transitions in the analysis of the spectrum could improve the values of the rotational constant A' and some of the quartic centrifugal distortion constants. They are otherwise not very well determined using more weakly perturbed a-type transitions only. Due to the high accuracy of the MWFT measurements the iodine spin-rotation coupling had to be considered for the analysis like in similar cases [7, 8] .
Experimental
The spectra were recorded with our MWFT spectrometers between 4 and 30 GHz [9] [10] [11] [12] [13] [14] [15] . The MWFTDR measurements were made with our spectrometers described in [6] . The sample of isopropyl iodide was obtained commercially and used without further purification. The measurements were carried out at pressures between 0.3 and 2.5 mTorr (0.04 and 0.33 Pa) and temperatures between -20° and -40° C.
The Attributes of Higher Order Quadrupole Perturbations
In case of large hyperfine splittings as caused by the quadrupole coupling of the iodine nucleus in the rotational spectra of iodine containing compounds, higher order perturbations may be present. They can be used not only for the determination of the off diagonal components of the quadrupole coupling tensor but also for an indirect determination of the rotational and centrifugal distortion constants in the cases of asymmetric top molecules. This can be expressed approximately using a perturbation formula up to second order for the quadrupole interaction similar to that given by Gordy [16] :
The matrix elements have been set up in a coupled basis consisting of the eigenfunctions of the rotational Hamiltonian and the spin functions due to the coupling nucleus. In the cases of asymmetric top molecules, T represents the pseudo quantum numbers K_ and K + of the limiting prolate and oblate symmetric tops. The first term contains a diagonal matrix element of the quadrupole interaction Hamiltonian H Q and is equivalent to the first order perturbation. The second order perturbation is given by the sum over the squares of absolute values of the off diagonal matrix elements of H Q divided by the difference of the corresponding unperturbed rotational energies. These unperturbed levels only are influenced by the rotation and centrifugal distortion contributions in a first order approximation.
So it can be seen that for the first order perturbation no dependence of the unperturbed rotational levels is given while the second order contribution contains information about level differences and can be used for their determination. This may be valuable if level differences cannot be obtained spectroscopically.
The existence of the matrix elements in (1) can be determined using their symmetry properties. The elements vanish if the direct product of the irreducible representations of the symmetry group reflecting the transformation properties of the basis functions and the operator does not contain the total symmetric representation A of the group. The matrix elements of H q may be decomposed in the following way:
where V zz is one component of the field gradient tensor referred to space fixed cartesian axes, Q represents the nuclear quadrupole moment and e is the elementary charge. The parentheses denote Wigner 3./-symbols and the curled brackets Wigner 67-symbols [17] . It can be proved that for asymmetric tops the basis functions in (1) transform according to the irreducible representations of the group D 2 = V like the eigenfunctions of an unperturbed asymmetric top. These transformation properties are not affected by the quantum numbers F, I and J, as follows from the features of the 3 j-and 6j-symbols in (2) . A more detailed description is given in [18] . The irreducible representations A, B a , B b , and B c of the group D 2 can be assigned to the basis functions of (1) by the parity of their pseudo quantum numbers K_ and K + as in the case of the unperturbed asymmetric top eigenfunctions [19] :
e = even and o = odd represent the parities of K_ and K + . The other quantum numbers have been omitted for simplicity. The V zz containing matrix elements will be transformed to the principal inertia axes a, b, and c using the direction cosine matrix elements in the asymmetric rotor basis:
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The eQV gg . = y gg , are the spectroscopically determinable constants of the quadrupole coupling tensor in the principal inertia axes system. The direction cosines also transform according to the irreducible representations of the group D 2 , as has been mentioned by Gordy [20] : (5) In conclusion we obtain the nonvanishing matrix elements containing components of the quadrupole coupling tensor by calculating the direct products of the irreducible representations. The matrix elements of H Q are finally obtained by inserting these results in (1) and (2) . It follows that the diagonal elements of H Q , and consequently the first order contributions, arise only from the diagonal components y gg of the quadrupole coupling tensor. The second order contributions of the % gg resulting from their matrix elements off diagonal in J but diagonal in and K + are small in general because they connect widely separated unperturbed levels in most cases. The off diagonal components y gg . contribute only to the second order perturbations because all their diagonal matrix elements vanish. But their off diagonal matrix elements may connect closely spaced or near degenerate levels, and then large perturbations can be noticed.
In Fig. 1 the rotational energy diagram of isopropyl iodide is given. Strong second order perturbations arising from the connection of two rotational levels by y ac containing matrix elements are indicated. The perturbing connections are restricted to a pair of levels with both pseudo quantum numbers and K + changing parity. For isopropyl iodide the off diagonal components y ab and y bc vanish by the molecular symmetry.
The most important second order perturbation in the spectra of isopropyl iodide arises between the rotational levels with the quantum numbers JK_K + = 322 and 413. These levels are separated by a difference of only 239 MHz. A detailed energy diagram containing the hyperfine splittings is displayed in Figure 2. The sublevels with the quantum number F = 3/2 are closely spaced and inverted relative to the rotational levels in this case. The inclusion of y ac containing matrix elements repell both sublevels by an amount of approximately 50 MHz.
Higher order perturbations of this strength can only be treated satisfactorily using diagonalization procedures, but transitions containing them give the most valuable information about the difference of the perturbed levels and the off diagonal components of the quadrupole coupling tensor. They also have a remarkable influence on the line intensity caused by mixing of the wave functions of the perturbed levels. Reasonably "forbidden" transitions can be observed in some cases. Ikeda et al. [5] have reported some hyperfine components of the "forbidden" c-type transition J'K'_K' + -JK_K + =514 -322 in the spectrum of the deuterated species CH 3 CDICH 3 . In this case the hyperfine levels with F= 11/2,9/2 and 7/2 are strongly perturbed while the perturbation of the F = 3/2 level is much weaker.
Analysis and Results
A total of 212 hyperfine components of 39 rotational transitions of isopropyl iodide up to J = 20 has been assigned from the measured spectra. The major part of the measurements could be directly used for the analysis. In case of narrow splittings a line shape analysis for the correction of frequencies was necessary [21] . No splittings due to the internal rotation of the methyl groups could be observed because of the high hindering barrier. The spectroscopic constants have been evaluated by a simultaneous least squares fit directly to the obtained frequencies using a diagonalization procedure of the complete Hamiltonian matrix for the calculation of the eigenvalues. For the centrifugal distortion contribution the Hamiltonian of Van Eijck and Typke has been used [22, 23] , and all quartic constants could be determined. Attempts to obtain the sextic constants did not improve the fit, and most of them were indeterminable. So they were neglected in the final calculations. In Table 1 the observed and calculated frequencies and the assignments are given. As in the case of ethyl iodide [8] , the consideration of the iodine spin rotation coupling allowed the determination of these constants and the improvement of the others. The deviations between observed and calculated frequencies are then below 10 kHz and reproduce approximately the accuracy of our measurements. Table 2 a are well determined with a total standard deviation being only 3.3 kHz. The constant % ac is nearly as well determined as the diagonal components of the quadrupole coupling tensor because of the many higher order perturbations used in the analysis. The neglection of the spin rotation coupling ( Table 2 b) leads to increasing errors of all constants, but its influence in the spectrum of isopropyl iodide is smaller than in case of ethyl iodide. A possible reason may be the larger moments of inertia and therefore the smaller angular velocity of isopropyl iodide relative to ethyl iodide.
In addition, the components of the quadrupole coupling tensor in its own principal axes system (x', y', z') have been obtained by diagonalization [24] , The z'-axis of the tensor and the C-I bond axis form an angle of approximately 1°. The z'-axis inclines toward the hydrogen atom of the CHI group as has been reported by Ikeda et al. [5] .
We were particularly interested in the improvement of the rotational constant A' and some of the centrifugal distortion constants (especially D' K ) by the MWFTDR measurements and the lines being influenced by the very strong quadrupole perturbations of the levels JK_K + =322 and 413. So we performed three other calculations. Their results are given in Table 3 . In the first calculation (Table 3 a) all MWFTDR measurements have not been considered. The results are of similar quality as those of Table 2 a although only a-type transitions have been used. In the second calculation (Table 3 b) the a-type hyperfine components containing one of the most strongly perturbed levels JK_K + = 322 and 413, F = 3/2 and 5/2 have been additionally neglected. In this case the determination errors of the constants A', D' K , Öj and R' 6 and particularly the correlation coefficients among these constants increase because now these constants can no longer be separated completely. In addition the error of the quadrupole coupling constant x ac increases. The inclusion of the c-type transition J'X'_X' + -JK_K + =313 -303, while excluding the strongly perturbed hyperfine components for a second time, leads again to a satisfying separation of the mentioned constants (Table 3 c ). So we think that for the improvement of the mentioned rotational and centrifugal distortion constants the contributions from the weak c-type transitions and the most strongly Finally we performed a fit of only the coupling parameters to the differences of hyperfine components for an additional check. The values of the rotational and centrifugal distortion constants have been fixed to the values of Table 2 a and the results are given in Table 4 . The agreement is good in general and for all constants within the error limits.
In conclusion, the complex ground state microwave spectrum of isopropyl iodide could be mainly clarified. The high accuracy of the MWFT method in combination with the excellent agreement between experiment and the calculation method resulted in the determination of a set of highly precise molecular constants for isopropyl iodide including the spin rotation coupling parameters of iodine. 
